Proteins and peptides represent a large fraction of the compounds currently in drug development pipelines. Their application however often depends on the use of carrier systems. Nanoparticles (NPs) are widely used such carrier systems for protein delivery. The aim of this study was to design a new drug delivery system (DDS), prepared under mild conditions in aqueous solution without the requirement of a stabilizer. The biodegradability and biocompatibility of the designed system was explored with a view to specifically determine its potential to facilitate the pulmonary delivery of proteins. As a first step, anionic and cationic water soluble starch-derivatives were synthesized. These starch polymers allowed for NP formation via coacervation, as well as protein loading. Physicochemical characterization of the prepared NPs was then carried out: NPs were found to have a narrow size distribution with an average size ranging from 140 to 350 nm, and a z-potential ranging from À10 to À35 mV, depending on the formulation conditions. In a proof of concept study, starch NPs were found to be readily degraded by the human enzyme a-amylase, and showed good biocompatibility with A549 cells after 4 h. Upon nebulization, NPs were seen to be internalized by air-liquid interface cultivated A549 cells as well as 16HBE14o À cells. To evaluate the ability of starch NPs to load proteins of various characteristics, NPs were loaded with four model proteins/peptides possessing different molecular weights and isoelectric points -IgG1, RNAse A, insulin, and vancomycin. The greatest loading was achieved in the case of vancomycin with up to 23% drug loading and 43% encapsulation efficiency, indicating an optimal loading of proteins with an isoelectric point close to the pH of the NP suspension. In conclusion, starch NPs prepared by the developed mild and straightforward technique show potential as a safe platform for pulmonary delivery of proteins and peptides.
Introduction
Proteins and peptides represent a large fraction of the compounds currently in drug development pipelines, 1,2 due to their high selectivity and predictable activity profiles. However, the successful delivery of such biopharmaceuticals is anything but easy.
The oral route of administration for example, although wellknown and successful for small molecule drugs, presents significant challenges in the case of protein delivery. In contrast to small molecule drugs, proteins are characterized by a complex (and degradation-prone) secondary and tertiary structure, which is vital for their biological activity; proteins also possess a high molecular weight, meaning a low permeability across biological barriers. 3, 4 As a result, most protein and peptide formulations available on the market today are administered intravenously to overcome difficulties associated for example with oral delivery, such as enzymatic degradation and poor permeability. However, modern pharmaceutical technology has made significant progress in the design of non-invasive drug delivery strategies that act to stabilize protein during formulation and storage, and to maintain efficacy of the protein throughout the delivery process itself.
Due to reduced systemic side effects and a rapid onset of action, administration via the lungs represents a valuable means of local drug delivery for treatment of diseases such as asthma, cystic fibrosis and lung cancer. The use of nanoparticles (NPs) as drug delivery systems (DDS) for protein delivery is well-known. NPs offer several advantages over conventional therapeutic systems. The incorporation of proteins into NPs can be beneficial for their stability and can offer protection during storage and administration. Moreover, NPs are known to facilitate an enhanced cellular uptake of incorporated or associated actives, which could also be beneficial in the case of protein permeation through epithelial barriers. 8 While several polymers have been investigated for use as components of DDS, the need for natural and semi-synthetic polymers with beneficial properties specifically for the delivery of proteins is increasing. PLGA for example has been widely utilized; however, although biodegradable mainly by hydrolytic degradation, the use of such a polymer in the case of a protein-DDS could prove detrimental to the encapsulated cargo, due to high generated levels of acidic degradation products. 9 In addition to the commonly used PLGA, polysaccharides are among the most studied polymers for drug delivery applications. 10 Alginate, for example, can form NPs of a wide size range, based on a controlled gelification process of alginate by calcium ions. 11 Chitosan-based systems are also well explored and characterized. [12] [13] [14] [15] [16] Here again a polymer (chitosan) is interacting with a small ionic crosslinker, tripolyphosphate (TPP). Although chitosan is enzymatically degradable by chitosanase, 17, 18 this is not an enzyme that is ubiquitous in the human body. Starch, in contrast, is biocompatible, non-toxic, and readily degraded by a-amylase, a human enzyme. As such, it offers great potential as an excipient for DDS preparation. Moreover, the high amount of hydroxyl groups present within starch allows for different derivatizations. The use of propyl starch for the encapsulation of small compounds was for example studied by SantanderOrtega. 19 Particles in this work were prepared by an emulsification diffusion technique; however, the use of ethyl acetate and a high speed homogenizer makes this preparation method challenging for the encapsulation of proteins, which are prone to degradation under these conditions. Another study from Yamada et al. has shown the formation of polyplexes from positively charged PEI-derivatized starch with pDNA, for improved transfection. 20 Thiele et al. investigated the formulation of NPs for targeted cancer therapy by the coacervation of a derivatized anionic starch copolymer, linked with pteroic acid as cellspecific ligand, and a cationic cyclodextrin. In this work, the small ionic crosslinker as used for the systems of alginate and chitosan was replaced by a second polymer. 21 The aim of this work was to prepare NPs via coacervation in aqueous medium from two oppositely charged starch derivatives, in order to take advantage of the excellent biocompatibility and biodegradability of these natural polymers. An anionic and a cationic starch derivative were first synthesized, as such compounds were hypothesized to readily facilitate the subsequent formation of NPs, suitable for loading of proteins with a range of sizes and charges.
Experimental section

Materials
Partially hydrolyzed potato starch (M w 1 300 000 g mol
À1
, approx. 33% amylose content) was a gift from AVEBE (Netherlands). Negatively (NegSt) and positively (PosSt) charged starches were synthesized with a weight average molecular weight of 87 000 and 76 000, respectively. IgG1 and insulin were kindly donated by Boehringer Ingelheim (Germany) and Sanofi (France), respectively. Vancomycin hydrochloride (vancomycin), Ribonuclease A from bovine pancreas (RNAse A), a-amylase from porcine pancreas and thiazolyl blue tetrazolium bromide (MTT reagent) were bought from Sigma Aldrich (USA 
Synthesis of starch derivatives
Negatively charged starch (NegSt) was synthesized via oxidation of potato starch. 21, 22 Briefly, 20 g of dried potato starch was suspended in 800 mL of purified water and heated at 95 1C for one hour. After cooling down to room temperature (RT), TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl; 4 mg g À1 potato starch) was added to the suspension. 112 mL of sodium hypochlorite solution (12%) was then added (1 mL min
À1
). During the addition of the sodium hypochlorite solution, the pH was kept at 8.5 by adding 1 M sodium hydroxide. To stop the reaction, sodium borohydride was slowly added. The resulting solution was stirred overnight and purified by ultrafiltration (Vivaflow 200; 5 kDa Hydrosart membrane, Sartorius Stedim Biotech GmbH, Germany). The product was dried by lyophilization (Alpha 2-4, Martin Christ GmbH, Germany). For the synthesis of PosSt, 13 g of NegSt (free acid form) was dissolved in 650 mL DMSO at 50 1C under a reflux condenser, with stirring overnight. Coupling reagents N,N 0 -dicyclohexylcarbodiimide (DCC) and 1-hydroxybenzotriazole (HOBt; each 1.5 molar equivalents, according to the degree of oxidation of NegSt) were then added and stirred for another 24 h. Subsequently, 10 molar equivalents of ethylenediamine (according to the degree of oxidation of NegSt) were slowly added. The reaction was continued for 48 h at 50 1C, with stirring. After filtration, the solution was lyophilized, subsequently dissolved in water, subject to extensive ultrafiltration (Vivaflow 200; 5 kDa Hydrosart membrane, Sartorius Stedim Biotech GmbH, Germany) and again lyophilized. 
Characterization of starch derivatives
Physicochemical characterization of nanoparticles
Particle size, size distribution (PdI), and z-potential of starch NPs in preparation medium were determined using the Zetasizer Nano ZSP (Malvern Instruments, UK) with a scattering angle of 1731. Particle sizes were intensity based z-average values and standard deviation was of 3 measurements. Morphology of NPs was analyzed by transmission electron microscopy (TEM) using a JEOL JEM 2011 microscope (Oxford Instruments, UK). 20 mL of sample was incubated on a copper grid for 30 min. After positive staining with 1% (w/v) of phosphotungstic acid (PTA) for 30 s, samples were dried overnight (excess fluid was directly removed with filter paper) and analyzed. Physicochemical stability of NPs was monitored with respect to size, PdI and z-potential for 14 days. Samples were stored either at RT (21 1C) or in the fridge (F, 4 1C).
Biodegradability of starch nanoparticles
To study the biodegradation of starch NPs, 10 mL of NP suspension was incubated with 25 mL a-amylase solution (36.37 units per mL) at 37 1C for 2 h, 4 h, 6 h, and 8 h under gentle stirring. As control, 10 mL of starch NP suspension was incubated at 37 1C under gentle stirring. Particle concentrations were then analyzed by nanoparticle tracking analysis (NanoSight LM 10, Malvern Instruments, UK). For the measurement, 0.5 mL was taken from each sample. Results shown are the particle concentration (after correction for the dilution factor needed for valuable measurement) of treated and nontreated samples (each n = 3), respectively.
Synthesis of fluorescently labeled PosSt (PosSt F )
For uptake studies of starch NPs into A549 and 16HBE14o 
Nanoparticle preparation with fluorescently labeled PosSt
For uptake studies, solutions of 0.25 mg mL À1 and a molar ratio of 1 : 1 of PosSt : NegSt were chosen. Rather than PosSt alone, a 1 : 1 mixture of PosSt F : PosSt was used for particle preparation.
Stability of nanoparticles upon aerosolization
To study the aerosolization behaviour of starch NPs, starch 0.25-1 : 1 was nebulized with the AeronebLab nebulizer (Aerogen Ltd, Ireland) and collected to be analyzed for size, PdI and z-potential with the Zetasizer Nano ZSP (Malvern Instruments, UK).
Cell culture
A549 cells were cultivated in RPMI 1640 medium containing 10% FBS (v/v). For the conduction of cell experiments, A549 cells were seeded into 96 well plates (cell viability assay) or Transwell s plates (3460, 1.12 cm 2 ; uptake studies). To test the uptake also with a non-cancer cell line of bronchial origin, 16HBE14o À cells were used. These cells were cultivated in MEM medium containing 10% FBS (v/v), 1% NEAA and 300 mg of glucose. 1% (v/v) Penicillin/Streptomycin (P/S, 10 000 U mL À1 , Gibco life technologies, USA) was added to each medium before cell viability and uptake studies.
Cell viability studies
Cell viability was evaluated by using the 3- For the calculation of the particle yield (mass NPs), fixed volumes of NP suspension were filtered with Vivaflow 50 (100 kDa molecular weight cut off (MWCO), PES (Polyethersulfone) membrane, Sartorius, Germany), freeze dried and weighed.
Results and discussion
Synthesis and characterization of starch derivatives
The raw material used for the synthesis of starch derivatives was a partially hydrolyzed potato starch with a molecular weight of 1 300 000 g mol À1 and an amylose content of approximately 33%. Starch derivatives were prepared by TEMPO mediated oxidation 22 of potato starch, resulting in a negatively charged starch derivative (NegSt). This well-known first oxidation step was also employed in order to further synthesize a positively charged starch derivative, via subsequent reaction of the carboxylic group of NegSt with the amine group of ethylenediamine (Scheme 1). The advantage of this initial oxidation process lies within the regioselectivity of the C-6 oxidation, which leads ultimately to a very controlled coupling product (PosSt). Positively charged starch (PosSt) was synthesized as mentioned by covalent coupling of ethylenediamine to the free acid form of oxidized starch, via a carbodiimide-mediated amidation. The method was adopted from Sheehan. 24 The benefit of this reaction is the selectivity of the coupling between carboxylic and amine groups, so that no protection of the hydroxyl groups is necessary. Additionally, there are no toxic side products/impurities, as is the case for synthesis of cationic starches in the paper industry, where the substitution is generally performed with epoxyalkylamines 25, 26 or halogenalkylamines. 27 After the oxidation of potato starch, 1 H-NMR spectra of NegSt (Fig. S1 , ESI †) showed dH values between 5.28-5.58 ppm, that were assigned to the anomeric 1H atom. The signals between 3.20-4.20 ppm were ascribed to the ring protons 2H, 3H, 4H, 5H. 21, 28 Following the reaction, the degree of oxidation (DSCOONa) was determined by a colorimetric assay, according to Blumenkrantz et al. 23 Briefly, the Blumenkrantz assay detects uronic acid content (carboxylic groups arising from the TEMPO C-6 oxidation) by building a chromogen when heated in concentrated sulphuric acid/tetraborate and treated with m-hydroxydiphenyl. NegSt showed an oxidation degree of 40.32 AE 0.01%. The yield of this process was 80.6%. The weight average molecular weight, determined by GPC was 87 000 AE 1800 (Fig. S2, ESI † results from the N-H bending vibration and from the C-N stretching vibration. The reaction yield for the coupling with ethylenediamine was found to be 59.6% and the degree of coupling was 34.6%, determined by 1 H-NMR. GPC measurements showed a weight average molecular weight of 76 000 AE 4300 for PosSt (Fig. S2 , ESI †), which is in the same range as that found for NegSt.
Starch nanoparticle preparation
Starch NPs were prepared via charge-mediated coacervation in aqueous solution at RT, a process similar to the preparation of chitosan-TPP nanoparticles, introduced by Calvo et al. 12, 29 In contrast to the chitosan system, where a polymer (chitosan) is interacting with a small molecule (TPP), the starch NP formation involved the interaction of two polymeric materials of approximately the same molecular weight. Mixing the two oppositely charged starch derivatives under stirring led to the spontaneous formation of NPs, suggesting that partial charge neutralization occurred due to the reaction of positively charged amine groups from PosSt with negatively charged carboxylic groups of NegSt. This process is very mild, as organic solvents, sonication, and high temperatures are avoided. Further, no additional excipients such as stabilizers are necessary for the NP preparation. Different PosSt and NegSt concentrations (1 mg mL À1 , 0.5 mg mL À1 , 0.25 mg mL À1 ) were employed for the preparation process. NegSt was added to PosSt in different molar ratios (1 : 3, 1 : 1, 3 : 1) with the help of a syringe pump under stirring. Important properties of the formed NPs, such as size, PdI and z-potential are described in Table 1 , in relation to the used material concentrations and molar ratios. The PdI was always below 0.2, indicating a narrow particle size distribution for all formulations. Particle size ranged from approximately 140 to 350 nm, depending on both the molar ratio of components and concentration of solutions. The smallest particle size of 138.9 AE 0.3 nm was obtained for 0.25 mg mL À1 concentrations and a molar ratio of 1 : 3. Keeping the molar ratio constant, but increasing the material concentrations to 0.5 and 1 mg mL À1 resulted in increased particle sizes of 160.5 AE 0.6 and 181.6 AE 1.7 nm, respectively. This is in accordance with Calvo et al., who obtained similar results (an increase of particle size with increasing material concentrations) for the interaction of chitosan with TPP. 12 The utilized molar ratio was also seen to influence particle size. Looking again at 0.25 mg mL À1 concentrations, an increase in particle size from 138.9 AE 0.3 nm to 152.0 AE 0.2 nm, and further to 209 AE 2.8 nm was observed for molar ratios of 1 : 3, 1 : 1 and 3 : 1, respectively. This indicated that with an increase in the content of PosSt, the particle size also increased. In the investigated ratios, the z-potential was between À35 and À10 mV, and was found to vary depending only on the molar ratio of PosSt and NegSt. For all three tested material concentrations, the z-potential was approximately À35 mV for a molar ratio of 1 : 3. A molar ratio of 1 : 1 resulted in a z-potential of around À25 mV, while starch NPs prepared in a molar ratio of 3 : 1 showed a z-potential of around À10 mV; therefore, the greater the amount of positively charged starch (PosSt) in the formulation, the closer the z-potential was to 0. All formulations showed a negative z-potential, due to the fact that the degree of coupling with ethylenediamine was about 34.6%, meaning there are still free carboxylic groups left in PosSt (oxidation degree of NegSt B 40%). NP formulations of 0.25 mg mL À1 were chosen for further experiments as a particle size of around 150 nm was desired. For evaluating the storage stability of starch NPs, 0.25 mg mL À1 formulations with a molar ratio of 1 : 3, 1 : 1 and 3 : 1 were chosen, in order to investigate the influence of NP surface charge. Starch NPs showed different storage stabilities when stored after preparation: while starch 0.25-1 : 3 and starch 0.25-1 : 1 showed stability in size over 14 days, the formulation starch 0.25-3 : 1, with a z-potential close to zero showed aggregation tendencies when stored at RT or at 4 1C (Fig. S4, ESI †) . Obviously, for this formulation the weak surface charge is not able to electrostatically stabilize the NP suspension via repulsive forces.
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Scheme 1 Synthesis of negatively charged starch (NegSt) and positively charged starch (PosSt). Potato starch is illustrated as amylose. solutions, incubated on a copper grid and stained with 1% PTA are shown in Fig. 2 . For all formulations, black particles with a spherical, solid and consistent shape could be observed. Indicated sizes are comparable to gained Zetasizer data. Due to their gel-like, sticky character, NPs tended to aggregate during the drying process on the copper grid, forming a gel layer (data not shown). Therefore, starch NPs were positively stained and stabilized with 1% PTA during the drying process. While a considerable number of nanoparticles could be found for formulations starch 0.25-3 : 1 and starch 0.25-1 : 1, the formulation of starch 0.25-1 : 3 only showed few particles. The z-potential of À37.0 AE 3.1 mV probably hindered the ability of these particles to efficiently interact with the slightly negatively charged TEM grids during the incubation time.
Cell viability assay
For evaluating cell viability, A549 cells, representing a human pulmonary adenocarcinoma cell line, 31 were incubated with starch NPs for 4 h and 24 h at 37 1C. In order to investigate the influence of molar ratio on cell viability, three different starch NP formulations were studied: Starch 0.25-3 : 1, starch 0.25-1 : 1, and starch 0.25-1 : 3. For comparison, NegSt, PosSt, and a water soluble potato starch (PSs) were tested. Concentrations were in a range from 8 to 133 mg mL À1 . Viability data of A549 cells after treatment with aforementioned samples for 4 h and 24 h can be found in Fig. 3 . At the 4 h measurement, PSs and NegSt showed cell viabilities of around 100%. PosSt showed a decrease in cell viability with increasing concentration, with a level of 65.4 AE 5.5% noted for the highest tested concentration. Similar results were obtained for starch 0.25-3 : 1 with cell viabilities of around 71.3 AE 1.9%. Decreasing the PosSt amount in the NP formulation led to an increase in cell viability, which is not surprising bearing in mind that positively charged polymers usually show higher toxicities. 20, 32 The increase in toxicity after 24 h should be taken into consideration, but should not be overestimated, as degradation products usually show less toxicity compared to pure polymer -this could be shown by Yamada et al., 20 with respect to the toxicity of starch-PEI derivatives and their degradation products. Further, the synthesized starch derivatives and prepared DDS showed higher cell viabilities as the starch-PEI derivatives from Yamada et al. for a comparable incubation time of 4 h, indicating an advantage of our newly developed DDS. Considering that the 1 : 1 ratio showed good cell viability and good particle stability over time, this formulation was chosen for further experiments.
Biodegradation
When talking about health care applications of NPs, one important point that has to be considered is the biodegradation of the system. This is due to the fact that safety of NPs is not only related to their size, but also depends, amongst a number of other factors (toxicity of raw material, dose frequency, etc.), on their persistence in the body. The longer NPs stay in the body without any biodegradation, the higher the potential risk of adverse effects, e.g. due to unintentional stimulation of the immune system. 33 Further, degradation products of NPs must also be sufficiently safe, as otherwise they may contribute to unwanted effects such as non-specific immune responses. Therefore, we selected starch derivatives as material for DDS preparation. Starch itself consists of glucose monomers only, which are known to be safe. Only some monomer units of PosSt show coupled ethylenediamine (34.6%). This is further reduced by using a NP system, consisting of positively and negatively charged starch derivatives. In a proof of concept study, to show whether such NPs are degradable not only by unspecific degradation processes but also by a specific enzymatic degradation, we tested the biodegradability of starch nanoparticles by a-amylase -an enzyme found for example in saliva, pancreatic juice and serum. 34 It is even secreted in the lungs in a diseased state from carcinomas with adenomatous differentiation, 35 which could additionally confer a targeting effect on the starch NPs.
Particle concentration was determined with the help of nanoparticle tracking analysis after several time points. Compared to a control group (starch NPs stored at 37 1C without enzyme), which showed particle concentrations fluctuating between 40-55 Â 10 8 particles per mL over time, a drastic decrease in particle concentration, could be observed already after 2 h incubation with a-amylase at 37 1C (Table 2) . While it might be expected that modified starch is less effectively degraded by a-amylase, and indeed Yamada et al. found that the biodegradation of modified starch-PEI derivatives by a-amylase was slower compared to the degradation of unmodified starch; however, the starch derivatives were still able to be degraded by the enzyme. 20 Furthermore, synthesized starch derivatives (NegSt, PosSt) in the current work represent a smaller change to the molecular structure of unmodified starch than starch-PEI derivatives, which have a relatively long molecular side chain. Accordingly, the incubation of starch NPs with a-amylase showed that also after charge-mediated coacervation, NegSt and PosSt could not only be degraded by unspecific degradation processes for polysaccharides or potentially by intracellular enzymes, 36, 37 but also by the specific human enzyme a-amylase.
Stability of nanoparticles upon aerosolization
The aerosolization properties of unlabeled and labeled starch NPs were investigated by nebulizing starch NP suspension, and measuring NP physicochemical properties before and after nebulization. In Table 3 it can be seen that unlabeled starch NPs showed the same values before and after nebulization. The labeled starch NPs showed the same size and PdI, but exhibited a decrease in z-potential following nebulization. The fluorescent dye may change the hydrophobicity of the NPs, and thus the tightness of the surface binding of the ion layers which contribute to the zeta potential.
Uptake studies
In Endocytosis, as an energy-driven uptake mechanism, is highly reduced in cells at 4 1C; therefore, NP incubation was also evaluated at 4 1C for the A549 cell line (Fig. S6 , ESI †). If NPs are taken up by the cells at 4 1C, it can be concluded that the uptake is not by an endocytosis-mediated mechanism. The uptake of starch NPs by A549 cells can be seen in Fig. 4A -D. Particles (green) already showed a level of uptake into A549 cells after 1 h of incubation at 37 1C. There was also some uptake after 1 h of incubation at 4 1C, although to a lower extent, suggesting that at least a part of the uptake mechanism is energy dependent (i.e. occurs by endocytosis). The cell associated fluorescence as observed at 4 1C could also be due to mere binding to the cell membrane, in addition to or instead of indicating some nonspecific, energy independent uptake. Such nonspecific uptake is however known for A549 cells, suggesting that this could be a cell-dependent phenomenon. 38 Additionally, the interaction of starch NPs with 16HBE14o À cells, a cell line generated by transformation of normal human bronchial epithelial cells that does not show carcinoma like properties, 39, 40 was also tested. The results of this study can be found in Fig. 4E -H. The size of starch NPs in this case was 114.6 AE 2 nm, with a PdI of 0.12 and a z-potential of À28.1 AE 0.6 mV. As can be seen from Fig. 4E -H, the nucleus staining was more intense, whereas the actin staining showed a decreased fluorescence in comparison to the A549 cells. No particle uptake was seen after 1 h of incubation. However, after an incubation time of 4 h or longer some particles could be observed and seem to be localized below the cell membrane, despite the non-optimal membrane staining. The apparent lower extent of particle uptake into 16HBE14o À cells compared to A549 cells should be judged with caution. The confocal microscopy analysis shown here, provides qualitative data. The amount of uptake cannot be directly compared between the two cell types since the particle batch and the instrument settings (e.g. laser power) were not identical. An important factor in uptake studies is the proliferation rate of the cell line. A549 is a fast growing cancer cell line with a doubling time of 22 h. The non-cancerous 16HBE14o À cells are somewhat slower in growth with 26 h doubling time, a fact which may contribute to the apparently different uptake rate and speed. Despite being non quantitative, these experiments show a potential of uptake of starch NPs into two cell lines of pulmonary origin.
Loading
To investigate the use of starch NPs as DDS, a protein test set was created. This included four different proteins of different isoelectric points (IEPs) and molecular weights, which could also be potential drug candidates. Such proteins were to be tested in vitro for their efficiency in a next step. The selected proteins were IgG1 (M w : 150 kDa, IEP: 8.5), RNAse A (M w : 14 kDa, IEP: 9.6), insulin (M w : 6 kDa, IEP: 5.3), and vancomycin (M w : 1.5 kDa, IEP: 7.5). For this experiment, starch NPs from 0.25 mg mL À1 solutions and a molar ratio of 1 : 1 were chosen, as these showed the best stability and a medium level, negative z-potential of around À25 mV. could be observed for all formulations, except for the formulation loaded with 500 mg IgG1. An increase in size, combined with a decrease in z-potential indicated that the loading with IgG1 was successful. It seems that the loading can be increased from approximately 4.5% (125 mg and 250 mg IgG1) up to 12.0% for the 500 mg formulation. However, when taking into account the broad size distribution of 0.39, such data must be interpreted cautiously. As the EE was obtained via indirect measurement, protein aggregation could have biased the results. A saturation of IgG1 loading could already be seen for the 125 mg formulation, as no difference could be found between the encapsulated mass and the loading rate of the 125 mg loaded NP and the 250 mg loaded NP. For these formulations the encapsulated mass was found to be 63 and 72 mg, respectively, and the loading was determined as 4.4 and 4.9% respectively. Starch NPs loaded with RNAse A showed no saturation, as the loading could be increased from 4.9% for the 250 mg loaded formulation up to 9.6% for the 750 mg formulation, however, the EE dropped from 27.9% down to 18.1%. The same could be observed for insulin: an EE of 24.9% for the loading with 250 mg of insulin decreasing to 15.9% for the loading with 750 mg insulin, together with an increase in loading from 4.3% up to 8.2%. The most promising loading, however, was achieved for vancomycin, which showed loading efficiencies of up to 22.8% for the 750 mg loaded formulation, together with a high EE of 43.5%. The differences in EE and loading rate can be ascribed to the differences in IEP and molecular weight. Calvo et al., among others, described the phenomenon of protein loading as electrostatic interaction between protein and polysaccharide. 12 As the loading of the proteins into the starch NPs is a result of the electrostatic interactions between negatively charged NPs and protein, the IEP of each protein at the pH of the starch NP suspension (pH 7.4) has to be taken into account. Both IgG1 and RNAse A are positively charged at pH 7.4, whereas insulin is negatively charged and vancomycin is neutral. A high EE and loading for IgG1 and RNAse A would therefore be expected. However, IgG1 and RNAse A loaded starch NP showed rather low loading capacities of 4.9% and 9.6%, respectively. The slightly higher loading of RNAse could be due to the fact that the system loaded with IgG1 was already saturated in the case of the 250 mg formulation. IgG1 is an antibody with a molecular weight of around 150 kDa, and therefore requires more space when binding to the NP surface than e.g. RNAse A, with a molecular weight of around 14 kDa. Insulin showed a similar behavior to RNAse A: a loading of 8.2% could be achieved for the 750 mg formulation, although insulin is negatively charged at pH 7.4. Vancomycin, which is neutral at pH 7.4, showed the highest loading of 22.8%, probably due to a combined effect of low water solubility at this pH, as well as a low molecular weight of 1.5 kDa.
Conclusions
The derivatization of potato starch into water soluble, positively and negatively charged starches enabled the formation of starch NPs in aqueous medium via charge-mediated coacervation.
NPs with a spherical shape could be obtained. Physicochemical properties of NPs could be tuned by varying concentration and molar ratio of the two starch components. In a proof of concept study, the chosen NP formulation was seen to be biodegradable by a-amylase, and showed little cytotoxicity after 4 h. NPs were stable during nebulization and were observed to be taken up by A549 cells, largely by endocytosis. Further, the preparation of starch NPs allowed for loading of proteins/peptides of different molecular weights and IEPs under mild conditions. Vancomycin showed the highest loading rate (23%) and EE (44%), probably favored by the combination of the low molecular weight and the hydrophobicity of that particular compound. It can therefore be concluded that starch NPs prepared by such an eco-friendly and easy technique have the potential to be further explored as safe platform for pulmonary delivery of proteins and peptides. To further ensure protein stability during storage and administration and a high alveolar deposition, NPs could be embedded into microparticles.
